Light and small-angle X-ray scattering and viscosity measurements were made for four curdlan tris(phenylcarbamate) (CdTPC) samples having quite narrow dispersity indices (DI) and ranging in the molecular weight between 6  10 4 and 2  10 6 , to determine weightaverage molecular weights M w , radii of gyration <S 2 >, particle scattering functions P(q), and Since the former h value is almost equivalent to that for single helical curdlan and its acetate derivative in crystal, it is reasonably suggested that the local conformation of CdTPC in THF is close to the tightly wound helix stabilized by the intramolecular hydrogen bonding, which was detected from the solution IR spectra.
Introduction
Cellulose (-1,4-glucan), amylose (-1,4-glucan), and their phenylcarbamate derivatives have been widely investigated on their solution properties since 1960's [1] . Because the derivatives have three C=O and NH groups on each repeat unit, intramolecular hydrogen bonding (H-bonding) plays an important role on the conformation in solution [2] . Indeed, amylose tris(phenylcarbamate) (ATPC) has significantly higher chain stiffness than that for amylose in water and dimethylsulfoxide [1, 3] when the solution data were analyzed in terms of the Kratky-Porod wormlike chain model [4] . The H-bonds are observable in the solution infrared (IR) absorption spectra as the split amide I band [5, 6] . We recently found that the H-bonds significantly stiffen amylose tris(n-butylcarbamate) (ATBC) in tetrahydrofuran (THF) and the chain stiffness parameter  -1 (the Kuhn segment length) is the highest (= 75 nm) in all the known polysaccharide carbamates whereas ATBC in methanol (MeOH) has loosely and rather flexible main chain ( -1 = 11 nm) [7] . This implies that other rodlike carbamate derivatives could be found if we select an appropriate main chain and side groups.
Polysaccharide derivatives having stiff main chain are of still interest since such polymer may have lyotropic liquid crystallinity. In actuality, liquid crystallinity of cellulose and chitosan phenylcarbamate was recently reported [ 8 , 9 ] . Since the phase boundary concentration decreases remarkably with increasing chain stiffness, we might find liquid crystalline phase even at lower concentrations if we find a stiffer polysaccharide derivative.
As an attempt, we chose curdlan tris(phenylcarbamate) (CdTPC) of which chemical structure is shown in Fig. 1 . Curdlan is a (1,3)--D -glucan produced by a bacteria and having triple helical structure in the native state [10, 11] . Interestingly, the intrinsic viscosities [] of an unfractionated CdTPC sample depend significantly on the solvent as shown in Table 1 and the highest [] was found in THF as is the case of ATBC [12] . This solvent dependence is much different from phenylcarbamate derivatives of cellulose and amylose [13, 14] and the helix per residue. Furthermore, the infrared absorption spectrum in THF was determined to compare H-bonding feature with that for ATPC and cellulose tris(phenylcarbamate) (CTPC). 
Experimental

Samples and Solvents
CdTPC was synthesized from a commercially available curdlan sample (Wako). It 
Static Light Scattering (SLS) and SEC equipped with Multi-angle Light Scattering (MALS) Detector.
SLS measurements were carried out for CdTPC60K, CdTPC80K, CdTPC140K, and Experimental details were described in ref. [5] . SEC-MALS measurements were made for the three polydisperse samples, CdTPC-N, CdTPC-S, and CdTPC-M on a Wyatt Dawn DSP photometer ( 0 = 633 nm) and a refractive index detector equipped with two SEC columns (Shodex Multipore-HxLM) in THF at 25 °C. Flow rate, volume of the injection loop, and the polymer mass concentration c were set to be 1.0 mL/min, 100 L, and 1  10 -3 g cm -3 , respectively. The obtained data from SLS and SEC-MALS were analyzed in terms of the Berry square-root plot [16] to determine the weight-average molecular weight M w , the z- 
Small-Angle X-Ray Scattering (SAXS)
SAXS measurements were made with an imaging plate detector at the BL40B2 beamline at SPring-8 for CdTPC60K in THF and MIBK at 25 °C (see ref [5] for experimental details).
The camera length and the wavelength were set to be 1500 mm and 0.1 nm, respectively.
The excess scattering intensities measured for four different concentrations were analyzed by means of the Berry square-root plot to determine <S 2 > z and the particle scattering function P(q), where q denotes the magnitude of the scattering vector.
Viscometry
Viscosity measurements were made using a four-bulb low-share capillary viscometer of the Ubbelohde type for CdTPC1500K and a conventional capillary viscometer for 
Infrared Absorption
IR spectra for CdTPC1500K and a CTPC sample [14] (M w = 2.62 10 6 ) in THF at 25 °C were determined using a Bio-Rad FTS-300 Fourier transform infrared spectrometer with a solution cell made of CaF 2 (0.05 mm path length). Concentrations of the test solutions were set to be 1.0  10 -2 g cm -3 .
Results and Discussion
Dimensional and Hydrodynamic Properties
Figs Table 2 . Table 3 .
Dashed curves, theoretical values in the rod limit ( -1 = ). for CdTPC in the two solvents and for curdlan in 0.3 M aqueous NaOH [17] and in diluted cadoxen [ 18 ] . The gyration radii of CdTPC are much larger than those for curdlan, indicating CdTPC has much more extended conformation than curdlan in solution.
Furthermore, CdTPC in THF has larger <S 2 > z than that in MIBK and the Holtzer plots ( 
and the expansion factor estimated by the Domb-Barrett equation [20] in the quasi-twoparameter (QTP) theory [21, 22, 23] . Thus, <S 2 > is calculated from the molar mass per unit contour length M L , chain stiffness parameter  -1 (the Kuhn segment length, which corresponds to twice the persistence length), and the excluded-volume strength B. On the other hand, the particle scattering function P(q) for the cylindrical wormlike chain is formulated by Nakamura and Norisuye [24] as functions of M L,  -1 , and the chain diameter d.
The excluded volume effect is not important in P(q) at high q. In THF, M L and  -1 are unequivocally determined from <S 2 > data, and the excluded-volume effects on <S 2 > are negligible even for the highest M w sample even in MIBK, when assuming the M L value from P(q), the rest parameters are uniquely determined. This is most likely due to the quite high chain stiffness of CdTPC in MIBK comparing with typical flexible polymers ( -1 ~ 2 nm).
On the other hand, from the curve fitting of the P(q) data in Fig. 3 , M L ,  -1 , and d in MIBK
and M L and d in THF were determined. However, the chain stiffness in THF cannot be determined since CdTPC is too stiff in the solvent, and indeed, the obtained theoretical P(q) (solid curve) in THF is closely fitted by that for the rod limit (dashed curve). Theoretical <S 2 > and P(q) values calculated from the obtained parameters (see Table 3 ) reproduce the experimental data almost quantitatively as shown by solid curves in Figs. 3 and 4, respectively. The excluded-volume effects in MIBK seen as the discrepancy between solid and dashed curves in Fig. 3 are not significant even for the highest molecular weight sample.
It should be noted that the chain thickness effect on <S 2 > is negligible (< 0.3 %) for the investigated M w range if we estimate the mean-square radius of gyration for the cylindrical wormlike chain by <S 2 > + d 2 /8 [25] . value from P(q) and the rest three parameters were determined to fit the data in Fig. 5 ; as in the case of <S 2 >, the excluded-volume effect in THF is negligibly small and that in MIBK is not significant.
The obtained parameters from the three methods listed in Table 3 Table 4 along with those for ATPC and CTPC [14] . Interestingly, although the three polysaccharide phenylcarbamates have almost the same repeat unit,  -1 for CdTPC in THF is much larger than that for CTPC in THF and ATPC in 1,4-dioxane (DIOX) and it is rather close to that for the stiffest polysaccharide derivatives, that is, amylose tris(n-butylcarbamate) in THF ( -1 = 75 nm) [7] and amylose tris(3,5-dimetylphenylcarbamate) in MIBK ( -1 = 73 nm) [29] .
Indeed, CdTPC140K in THF (c = 0.48 g cm -3 ) shows cholesteric liquid crystalline.
Furthermore, h for CdTPC in THF is close to that for single helical crystal of curdlan [30] and curdlan acetate [31] , indicating that the CdTPC main chain has tightly wound single helical structure. On the one hand, CdTPC in MIBK has locally extended but rather flexible coil-like main chain, suggesting that the intramolecular H-bonds in MIBK should be less than that in THF and furthermore the H-bonding solvent molecules may extend the main chain of CdTPC as seen for ATPC [13] . 
Intramolecular H-bonding
The above mentioned high chain stiffness as well as relatively small h for CdTPC in THF should be something to do with the intramolecular H-bonding. Fig. 6 displays the IR spectra for CdTPC in THF around the amide I and II bands along with those for ATPC in DIOX [5] and CTPC in THF. The peak at 1754 cm -1 for ATPC was assigned for the 'free' C=O groups and that at 1706 cm -1 is for H-bonding C=O groups [5, 32] . Intramolecular H-bonds are fewer for CTPC and the peak shifts to slightly higher wavenumber; this may reflect CTPC has fewer and weaker H-bonds comparing with ATPC. On the other hand, amide I band for groups. In other words, CdTPC has weak but much larger number of intramolecular Hbonds in THF and they stabilize the rigid helical structure. 
Concluding Remarks
While single-chain curdlan behaves as rather flexible chain in solution, its phenylcarbamate derivative (CdTPC) has much higher chain stiffness (57 nm in the Kuhn segment length  CdTPC has the tightly wound single helical structure in THF. This chain stiffness is also much higher than those for amylose and cellulose tris(phenylcarbamate)s and close to the highest value (75 nm) [7] in single helical polysaccharides and their derivatives.
